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H.A.R. Rots &ao/3103/JL/127. 

sawn/ay 

Various possible typos of supersonic diffuser are considered 
thoorotioally and the available experimental evidence ia reviewed. 

The most obvious type of an efficient suporsonio diffuser is 
tho reversed supersonic nozzle.      A stability oritorion for the 
rovorsod suporsonio nozzle is developed, which shows that the 
oontroot ion betr-uo» the entry ixd the throat is so limited, that if 
A nomal shook at entry is to bo avoided, such a diffuser is of little 
practical use unless an artificial neons of inducing and maintaining 
tho loss stable flov oar. bu found. 

Tost results of uinyl*. pitot entries show that, in the absence 
of tho boundary layer, the onu-dimenaional theory holds for normal 
shocks,      Sinoo their effioionoy is high for :saoh No. up to about . 
1.5, diffuse» with noraol nhook at entry are quite satisfactory in 
this velocity rango. 

Tho mechanism of the shook wove and boundary layer interaction 
is considered.      T/hon normal snooks occur in the presence of tho 
boundary layer, as in annular pitot entries and diffuse» for 
suporsonio wind tunnels, their oost>rossion effioionoy is appreciably 
lower than the thoorotioal one. 

JYa- very high velocities, exceeding II = 2.5, the only typo of 
diffuser ishioh is practicable and offers high theoretical effioionoy 
is the nulti shook diffuser.      The offioionoies of this type of 
diffuser arc examined and shown to oxooed 90^2 up to M = 3.0 for designs 
having three or four oblique chocks.      Various    geometrical orrongoiaants 
are considered from the point of view of reduction of frontal area 
for a given mass flov and considerable inprovewents on the singlo 
fooussod wave system are obtained. 

Tho high performance of nulti shook diffusers is oonfirnod by 
Onvatitsoh's tosts at Gottingen, the results of ivhioh are horo 
•i—nil imili 

Tho operation of suporsonio diffusers at other than the design 
Mash. No. Is briefly oonsiderod. 
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1   Matotootion 

Tho problem of diffusion from supersonic velocity is of primary 
importance in the design of power plants for superaonio aircraft, 
which utilise tho atmospheric air as the working aubatanoo.     Tho 
fundamental requirements to be satisfied by diffuse» in general arc 
high offioienoy of tho kinetic energy conversion and small drag 
ocjffioiont.      In order to moot those requirements, entirely different 
methods from thoso suitable at subsonic speeds must be used at 
•uporaonio velocities. 

One of tho basic ohoraoteristics of supersonic diffusors as 
distinot from the subsonic onus is that the maximum possible flow 
through thoio is determined, at any auporaonio spood, by the diffuser 
frontal area and is equal to the corresponding swept volume. 

Further, unlike subsonic flow, a continuous diffusion from 
superaonio volooity by moons of a convergent-divergent duct is, in 
practice, impossible      In other typos of theoretically iscntropio 
supersonic diffusers the compression actually occurs tlu-ou^i a 
number of finite shock waves, so that a system of shook waves must 
always be prosont and the- design problem is largely that of 
determining tho optimum system to bo usod.      It sooms that a strict 
mathematical analysis, whioh would define tho thcrmodynamioally most 
efficient shook wave formation for any given set of conditions, 
would not load to results of practical significance.      Instead, the 
porformonoo of shock systems, the design of which is based on simple 
oriteria, oan be easily estimatod.      Such analysis also shows that 
tho difforonooa in the efficiencies achieved when various oriteria 
are used, arc small and that it is mainly the number of shocks which 
determines the efficiency, for given initial and final oonditions. 

Tho geometrical principles of an efficient shook system are 
deduced from the examination ef a number of configurations and ore 
in general the same for two-dimensional and axially-symmotrioal 
diffusere;    the actual diffuser shapes are however different, as 
determined by the appropriate solutions for superaonio flow. 

Tho subject of supersonic diffusers is reviewed in this paper 
on the above lines.     The calculations were made for flow of air 
and, in tho oaso of multi-chock diffusors, for two-dimensional flow. 
Results of the same order would, however, also bo obtained for 
axially-eymmatrical flow, ao that the general conclusions apply 
also to this type of diffuser. 

In supersonic flow theory tho gas is usually assumed to be 
perfect, with constant specifio heats, and tho viscosity and thermal 
conductivity are neglected.      Tho actual performance of diffusors 
depends however to a largo extent on tho effects of friction and tho 
boundary layer, whioh oan only bo ascertained experimentally.      Tho 
available experimental results on those offoots in supersonic flow, are 
oui.i wrlzcii i:i   tliie rowrt   but ore not adequate, especially in tho 
oaso of multi-ehook diffusors and at very high velocities, to form a 
basis for design and further research is needed. 

It is usual to evaluate the diffuser performance in tort« of 
"compression offioiency".      in tho teolxniool literature several ratios 
are used to denote the efficiency of compression and thoy are collected 
and defined in the Appendix, togother with most of the symbols used/in 
this report.    For our- purpose, since the oompression in the diffusers 
considered is adiabatio, the isontropic off ioionoy %, (A1)*, ia the 
appropriate one to use.      As shown in tho Appendix, tho isontropic 

*   Numbers preceded by A refer to the equations of the Appendix. 
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efficiency % is a function of the Mach Number 1L. and the ratio]»,, 
of the laentroplo stagnation pressures before and after the diffusion, 
or the entropy increase AQ. 

2   Bagged iiSÜL JB S supersonic nogzle 

Before oonsidering nore complex forms of supersonic diffusen, 
the simple oose of flow in a convergent-divergent nozzle, with 
supersonic flow valooity at entry, will 1x5 diaoussed.      Suoh & dls- 
oussion yields important results, both from the theoretical and 
prsotloal points of viow. 

2. 1     Ceneral discussion 

Consider the flow through a system like that shown in fig« 1. 
consist inc. of two nozzles joined by a constant area duct.      The 
entry nozzle nerves to obtain a oertain constant Maoh Numbar U > 1.0, 
whereas the second (reversed) nozzle    throat ar*a >£« uan bo varied. 
The gas ntarts to flow through the system from üoro velocity and 
pressure PQ at section 'c'  and leaves the kyntciu at section 'o'  at a 
pressure F0, -which will bo also referred to as tho back pressure. 

The discussion of flow in such a systt-rc applius to certain types 
of supersonic wind tunnels «nd, by discarding the first nozzle, it is 
extended to diffuscrs for supersonic power plants. 

The flow will be assumed to be one-dimensional and, except for 
normal shooto, isentropio.      ?or isontropio flow the relationship 
between the Maoh Number M and the orosa-sectional area ratio 
(contraction)  + corresponding to a ohaugo of velooity to the sonic 
value (II a 1.0) is given by 

• Y+1 - 

*=   M.{(Y+1)/ [2+ (Y-1)H*]J KY-1) (D 

as obtained from the de Saint Vdnrsjit   and Wantzel equations for the 
velooity and rate of flow at constant entropy.      Referring to fig. 1, 
if + => A^i/A and Mj., = 1.0, then M is given by function (l), which 
is drawn for air in fig. 3, curve 1.      It will be noticed that to 
each value of • there correspond two velocities, one sub- and the 
other - suiiwi-ioiiia. 

It will be remembered that any losses  (i.e. entropy inorease) 
have the effoot of increasing the cross-sectional area at whioh a 
given velooity (or teiipcrature) is obtained as oompared with the 

faentropio flow, the oorrosponding pressure anil donoity boing smaller. 
Also, the losses duo to a normal shook increase with tho velooity 
on the upstream side of tho shook (of. fig. 5*, 10). 

When tho second throat is smaller than the first one (A^M < *+,), 
no supersonic flow is possible upstream of t".      If a diffusor of 
suoh a contraction were inserted in a suparsonio stream of velooity M, 
as determined by the first nozzle,  a detached shook front would 
form at its entry, the.flow being smaller than that oorrosponding to 
tho swept volume at velocity M. 

With equal throat aroas (AJ.II = \i) > ihc flaw betwoon tho throats 
can be theorotioally either sub- or supersonic.      Any losses, however, 
would make it impossible for supersonic flow to develop upstream of 
t",  as in tho oase previously considered.      Farther, it seems that 
the possibility of attainment of supersonic velooity between tho 
throats deponda on the manner in whioh the flow is initiated.      If tho 
system of fig. 1 v/cro instantaneously oonnootod to a vacuum, supersonic 
velooity would be developed upstream of t".       But, on the other hand, 
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if tho back pressure P0 «or« gradually roduood from the value p0, 
tho flow would start as subsonic throughout and would presumably 
romin subsonic upstream of t". 

It follows from the above that in practice in ardor to obtain 
a stable supersonic flov 'jpstrcam of the 3coond throat, whether the 
Jet is constrained «r free, the second throat must be larger than the 
first one, so that a shocklcs.; diffusion from supersonic velocity 
by moans of a convergent-divergent duct becomes impossible.      A 
o los er investigation will indicate tho necosiary incrcaso in tho 
throat oross-*taction. 

Let A^n > A* i  and pn-s/ruro P0 ho gradually reduced.      For 
sufficiently low P- value sonic flow velocity ir obtained in tho 
first throat, the flow being subsonic throughout.      With lower back 
pressures supersonio flow develop;; pant t' and a normal shook forms 
in the divergent part of the first nozzle and moves downstream as 
the back pressure, is reduced.      For   given initial and final conditions 
the shook could form cither in the first or in the seoond nozzle, at 
equal orosp-«eotiona.      However, it is known from the supersonic 
tunnel operation that the shook actually occurs always in the first 
nozzle,      ivhcn the shook reaches the maximum oross-ncction A and 
provided tho flow remains subsonic at tho second throat, a further 
decrease in the back pressure will cause the .-hook to jump downstream 
of t", to a oros3-«aotion larger than A, the flow becoming eventually 
supersonic throughout. 

If the second throat were made rather ssialler, but still larger 
than .the first, so that with the shook present at some oross-soption 
between tho two throats, sonic velocity woro again reached at t", 
the soquenoo ef event; would be different from that described above. 
A further dooreasc in the back pressure would have now no influence 
on the flow upstream of t", but supersonic flow and a sooond shock 
would form downstream of t";    tho sooond shook would move towards 
tho exit as the pressure were decreased*. 

'The possibility of suoh a flow configuration loads to a number 
of important conclusions. 

2« 2     Limiting contraction 

It has been already remarked that,  in order to achieve a 
diffusion more efficient than that corresponding to a normal shook 
at the free-stream Mach Number, the volooity must bo supersonic at 
the diffuser throat and a shock icurrt ocour downstream.      The nearer 
to the second throat the shock takes place, the more efficient is 
the compression.      The possibility of a flow configuration with two 
shocks limits the minimum size of tho second throat and thus 
effoots the maximum compression efficiency of a "reversed nozzle" 

.diffuser. 

Let.the system of fig. 1 represent the nozzle, working section 
and diffuser of a supersonic tunnel which is started by a gradual 
creation of pressure difference (say a closod-oirouit tunnel),      The 
sooond throat must bo sufficiently large to prevent the flov/ from 
reaching sonic velocity and hunc» to allow the shook to junp past it, 
so that stable supersonic flov/ can be established in the working 
seat ion.      The minimum sooond throat size must bo therefore such that, 
with shook ooouring in the working section (at J.i), the volooity in 
the sooond throat is just sonic.      Tho maximum permissible back 
pressure required to start a tunnel of this type is smaller than that 

*    These flow configurations arc described in rof,2 and woro observed 
by Seippol, who prusontod photographs of analogous flows' of water in a 
•hallow channel (ref. 15). 
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corresponding to a nonml shook in the working section.      Once the 
tunnel la started, the beak pressure osn be increased, the shook 
advancing towards the throat but always remaining on its downstream 
site. 

Theoretically suoh difficulties would not be encountered if the 
tunnel wero oonneotod, prior to starving, to a highly evacuated 
container and the pressure difference applied instantaneously. 

Disregarding the first noszle, a similar argument applies to a 
supersonic diffuser of the reversed nozzle type inserted in a freo 
stream of velocity M. 

When the oontraotion of the diffuser *  is oquol to or smaller 
than that which gives sonic flow velocity at the throat when a normal 
shook forms at entry, then theoretically two flow oonfigurationa arc 
possible, as dosoribed before.      Experiment shows that the less 
officiont flow pattern, With normal shook ot entry, is by far tho 
more stable one. 

Hrom those considerations it is evident that in order to 
aohiovc a diffusion by moons of a rovorsod nozzle with an officienoy 
higher than, that of a normal shock at the free-stroam velocity, tho 
possibility of a flow oonfiguration whioh includes suoh a shook must 
bo eliminated by making the throat sufficiently lar&e.      Tho same 
condition must also be satisfied to make the starting of cortain 
typos of suporsonio vind tunnels possible. 

The limiting value of the oontraotion ratio t«^ " k^«/k is 
obtained by assuming a normal shook at the entry anaaonio velocity 
at tho throat,      '.Ye have for tho normal shook 

M' (M2 i>'¥ Dj (2) 

where 14'  is tho Mach I.'uwbor r>ti the downstream side of the shook. 
Combining this with relation (1), tho following is obtained for the 
limiting oontraotion •„£„? 

min 
fr.i^rr/zr     IN^YY-I    i\* 
IYTT;      V/YTT (—-5?)   V"*"""*-7/ (3) 

This function has been calculated, for Y a 1,^00. 
in Table I and it is drawn in fig.5,  curve 2*. 

Its values are given 

* It appeirs thnt tho POBD critorion for tho limiting contraction has 
boon derived by A. Kpjvtrowits .-.aiit Colcman du P. Donaldson in a N.A.C.A. 
paper entitled "Pr-i tminary investigation of supersonic diffusors", 
February 19^.5, to which reference is mode by Trollcr, rof. 18. However, 
tho rosults, as quoted by Troller, do mat agroo with our oquation (3). 
Tho limiting oontraotion ratio is given as 

KX*1 

Vi. 
^min 

fintako 

mf*-1® M *        '.— 

hut it docs not agree \/ith the tabulated values of M and %nfn (presumably 
for Y • 1.403), which houovur oomparo fairly veil with ourHbablo I. 

In rof. 18 also tho values of the oomprcs.-.ion offioionoy (presumably 
isontropio efficiency, our iv)  arc tabulated}    they are slightly higher 
than ours, given in table II, p.14. 
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I 

Table I (V • 1.400) 

u *inln 

1.0 
1.2 
1.« 
2.0 
2.5 

1.000 
0.978 
0.894 
0.623 
0.760 

M Tmin 
3.0 0.720 
3.5 0.692 
4.0 0.672 
4.5 0.657 
5.0 0.648 
oe 0.600 

Prom expression 
funotion is evident. 

(3) tho aeynptotio character of the t^j- 
At an infinite Mach Number 

r+1     , W*-- (*T#**G*^ (4) 

0.6002 forY • 1.400. 

2.3     Normal shook in ahngago of boundary layer:    pltot typo diffuser 

(i)      It is theoretically possible to design a diffuser of tho 
reversed nozzle type, t\jo-dimonsionnl or racially symmetrical, in 
Which the compression is isontropio, i.e. no shocks are formed.      In 
both oases the correct wall profile is determined by the method of , 
oharooteristios.      Such a shockless two-dimensional diffuser la shown 
In fig.2 (characteristics at 4° intervals). 

Nevertheless, the previous considerations indioato that a 
•table supersonic flow in suoh an ideal diffuser cannot be obtained 
and that a contraction 4 > ^„j^ must bo used to avoid the formation 
of a shook front at tho diffuser ontry.     Although equation (3), \ibiah 
oxprosses this condition, has been obtained on the sinplost thoorotioal 
assumptions, it gives a very accurate quantitative representation of 
the actual phenomenon, as proved experimentally.      Theoretically this 
would bo expected from tho following consideration of -flow in a diffuser 
having a limiting contraction ratio •miXL«      The freo-etream supersonic 
flow in front of the diffuser is truly one-dimensional.      When a 
flow configuration with a 3hook at the diffuser entry develops, tho 
•hook, ooouring in the absence of tho boundary layer, conforms to the 
simple theory.      Subsequent subsonic and accelerated flow in the 
converging part of the diffuser is known, as for subsonic nozzles, 
to be practically isontropic and tho flow downstream of tho throat 
does not effoot equation (3). 

On tho other hand, when V > •  ..    and the flow is supersonic at 
loast down to the diffuser throat, «no simple one-dimensional, 
Isontropic flow theory cannot bo expected to give aoouroto results. 
In practice weak shocks cannot be eliminated in the convergent-part 
of tho diffuser and normal shook, ooouring inside tho diffuser, is 
affootod to a large extent by the boundary layer, as will bo soon later. 

(ii)    It is well, known that in front of a. pitot tube tho compression 
from supersonic velocity follows tho single normal shock theory. 
Further evidence on tho compression through a normal shook has boon 
ebtalnod from tests (rcf.7, 8, 16, 19) of simple pitot typo supersonic 
diffusors  (fig.4)  and an excellent agrooiiunt with t**c simple theory 
has been found, both with rospoot to tho offioionoy and mass flow. 
As an oxampie some results of rof.7 are here tabulated:- 

I -8 - 
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Prwo atruius Mach Nunbor 

Moan Kach I.uwbor        ) £hwqrcti£c)JL 
downstream of shock ) observed"" "0.520 

Moan static pressure) theoretical 
ratio aoroaa ohock    ) observed 

7-70 
7.77 

Tho overall compression offioioncy r^. was found to bo slightly 
lower than that corresponding to an isentropic oubconio compression. 
Values of Hj- = 0. 9 (ref.8) and 0.&4 (rof. 1?) wro determined for tho 
subsonic diffusion when a divergent oonical diffuser of 7° vertex 
angle was usod.      In rcf. 15 this efficiency was found to bo constant 
over 0. range of entry Mach Nuribjrs between 0.5 and 1.0.      When tho 
diffuser oonsisted of a parallel section at entry followed by a 10° 
vertex angle conical duct, tho subsonic conpr33sion efficiency was 
equal to approximately 0.75 (rcf. 8). 

(ill) Tho "affect of the variable diffuser contraction has boon 
investigated at N.P.L., ref.7.      A cylindrical glass tube was 
inserted in the supersonic air ;itroou and blocked at tho rear end 
by an adjustable oono.      The degree of tre blockage could be   Varied 
and tho flow was observed at a constant froo-a cream Mach Number of 2.6. 

According to the previous considerations, two different kinds 
of flaw arc possible with the above sot-up, for sufficiently small 
oxit<aruas.      V/hilu decreasing the oxit area suporsonio flow was 
obstoprod inside tho tuba until, when the blockage reaohod In-)• value, 
the flow, instead of remaining supersonic, suddenly ohangod to 
subsonic and a normal shock appeared at entry.      When blockage was 
further increased, the flow remained subsonic but tho shock loft 
tho tube entry, the mass flow through tho tube being roduood and tho 

•velocity remaining sonic in tho oxit gap. 

Similar experiments wore carried cu*   in Germany, at GÖttingon 
(by Gudorloy) and tit Volkoiirodo (of. rcf,?)' end the results agree 
with tho N.P.L. ones;    tho flow configuration with a normal shook at 
oirtry has been found to be by for the rwrj stable one, 

Attor.nts wore made at Volkonrodo to induce artificially tho 
supersonic regim by "stirring up" the flow in the entry with a thin 
wiro and thnr, disturbing the normal shook.      It was found' that in 
this way the efficient rogiiru could be established and would even 
remain after the wiro has been removed*.      It seems that more 
extensive tests ,-iro    -seeded before the practical value of this 
method can be ascertained. 

3   Shock wave in presence of boundary layer 

3.1     Shock wave and boundary layer interaction 

As already rei.iarkod, if diffusion is to be achieved by moans of 
a contracting duct with an effioioncy highor than that of a normal 
shook at the free stream velocity, « shock Mist occur inside the 
diffuser, in the presence of the boundary layer.      This is also true 
for the diffusors used in the suporsonic wind tunnels and for annular 
entry, pitot type diffuse», suoh as shown in fig. 5. 

Tho nor:.ial shock in tho prosoncu of tho boundary layer no 
longer oonfonn to the siuplo ono-dirunsional theory.      Tho observations 

*   A 35 Hm.    filu has boon node of these tests at L.f.A., Volkenrodo, 
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of •hooks in supercritical flow around soro&ils and in supersonic 
nozzles suggest roughly tho following mechanism of boundary layer 
and shook wave interaction. 

Due to an adverse pressure grjtdient, the fltw in the subsonic 
part of the boundary layer In reversed in the vicinity of the shook. 
The boundary layer thickens upstream cf the shcctc and thus produces a 
number of oblique shock waves, such at; are observed in high speed 
flow around aerofoil*;. .   The thicker the boundary layer and the greater 
the wetted perimeter of the stream, the more pronounced' these effeots 
beoomc.      In other words, for a given stream velocity, the effoot of 
the boundary layer w>uld depend on the Reynolds Number and would 
diminish with the incroaso of the Reynolds Number.      On tho other 
hand, for a given Reynolds Number, the intensity of shocks increases 
with velocity, so that the uffeot of a given boundary layer would 
bo expected to inoroaso with increasing Meoh Number. 

iVom the above interpretation of shook wave and boundary layer 
interaction t'w »o-oalled "softening" of normal shocks by a seriös of 
oblique shocks might be expooted to occur, the velocity in front of 
tho normal shock being appreciably reduced and the overall losses 
correspondingly docroasod.      Although this may be true in certain 
conditions, additional losses are usually present. 

It appears that the mechanism of tho shook wave and boundary 
layer interaction has been first described on the above linos by 
Donaldson (rof.5), who also presented an experimental investigation 
of shook wans formation in a do Laval nozzle.      A good estimate of 
the shook wave position was obtained by assuming that tho shock 
ooours at a liaoh Number equal to unity (i.e.  a completely softened 
shook)  and that the flow is isehtropio throughout (supersonic upstream 
of tho shock and subsonio - downstream).      This result seems to be 
confirmed by investigations of flow around airfoils at supercritical 
speeds (quoted in rof.5), in which it waa found that the losses 
through the shock near tho airfoil surface may be smaller than these 
corresponding to the one-dimensional theory.      It was also found 
that the Kaoh Number behind the base of a normal shook on an airfoil 
was olose to unity.      This was also observed in the entry tests 
mentioned later (rof.13), in which a Maoh Number of 1.18 to 0.935 
was observed in tho vicinity of the shook, for a freo-«tream 
velooity of M = 1.4.6.      further, the ooourrenoe of a fow normal 
shocks in succession, e.g.  in a do Laval nozzle, ref.5, can bo 
explained by osQuudns a compression to sonic velooity through each 
"shock11 followed by a renewed supersonio expansion. 

.Although, as already remarked, tho losses in certain regions of 
softened shooks may bo smollor than these for corresponding normal 
shocks, it appears that in goneral the total losses oxoeod these 
predicted by the one-dimensional theory. 

A numbor of experimental results is available in this oonneotion 
and will be reviewed here.      'flic results were obtained mostly from 
Performance data of diffusere for supersonic wind tunnels, but a fow 
tests of pitot type entries in vhich the shook occurs in the presonoe 
of the boundary layer are aluo available. 

5*2     Annular entry pitot type diffuser 

The design of .-1 oupoi-.;onie entry or diffuser of the typo shown 
in fig.5 is advantageous, for constructional reasons  (o.g.  a000im«>l«vMo»» 
for tho pilot), for a projected supersonic aircraft.      This se-onlled 
annular entry is essentially of the simplo pitot typo -iPHovJJxjd before, 
but It differs in that the flow is doflootod in front of tho ontry, 
plane by tho tip of the central body and tho shook at entry ooours'in 
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tho presonoo of tho boundary layer formed on the contral body surf BOO. 

Comploto small soalo models of dlffuscrs of this typo wro 
tested at K.P.L.  (rof.8) and tests of an analogous two-dimensional 
ontry wore oarriod out by Power Jots (RAD), Ltd.  (rcf.13).      In 
all oases .-. nuoh lover offioiorcy than for tho simple pitot entries 
«as rooorded.      In the K.P.L. tosts the maximum flov? obtained was 
only 0.91 of tho flat/ through an area equal to the annulus in the 
flfoo stream»      Further, in both sots of tosts tho flow was stable 
only when 3hook ooourred inside tho diffuser, downotream of tho entry 
("ovorexpandod" condition).      Surging started whon tho shook formed 
at the entry and was duo to the softening effect of the boundary 
layer.      In the Power Jots' toots attempts voro made to remove tho 
boundary layor at entry by auction, using olthcr flush or projecting 
slits.      It appears however that an effootive control can bo achieved 
only by passing the vhole of the boundary layer throujdi a projecting 
slit, thus making an entry of the simple pitot type. 

It should be mentioned that the above toats were carried out at 
snail Hoynolds Numbers, tho boundary layer offoot3 being thus 
exaggerated.      In the W.P.L. tosts tho Reynolds Number based on the 
distance from the nose of the model to the annular lip waa equal to 
6 x 105.      In all tests the Maoh Humbor did not exceed 2.0. 

As pointed out by Lean (rof.8), apart from low efficiency and 
low maximum flow, the application of the annular entries would be 
difficult in practice 'because of their surging characteristics.      In 
ordor to avoid the reversal of flow whon the engine demand is low, 
it would be necessary to by-pass some of the air, tho annulus being 
however lar.1',0 enough to pass tho maximum flow required.      Alternatively, 
in ordor to avoid the oxtrr. drag, tho ontry aroa oould bo varied; 
this, of course, vould introduce mcohanioal complications.'    Provision 
of a 3lit suffioicnt to remove the whole of tho boundary layer would 
also increase drag. 

Suoh complications arc largoly eliminated vhen simple pitot 
entries aro used.      At engine demands higher than the "swept volume" 
diffusor flov the compression efficiency would doorcase due to the 
ovoroxpansion (shock inside the diffuser) and the engine demand would 
adjust itself to the intake supply.      At lower onginc demands a 
stuhle, dotached curved shook front vould form ahead wf the diffuser 
ontry. 

3.3     Diffuaors for supersonic wind tunnels 

Further experimental evidence of tho effect of boundary layer 
on shocks oomas mainly from tests of diffusors for supersonic wind 
tunnels. 

(1)     Diffusor3 without contraction 

Oastngnn (rcf. j) carried out TJI extensive investigation of 
supersonic flov in lo>ig, divergent conical ducts  (6° vortex angle) 
with shook:! ocouring :it various cross-suctions and Mach Numbers 
ranging frcm 1,2 to 4,%      His results are shown in fig.6 in terms of 
the isentrcpio efficiency and tho iiaoh Number inncdiatoly in front of 
tho shook,  rvs ostimatod from the observed pressure distribution and 
tho initial statu of tho .ion.       In thi.;, as  in tin; othur canes here 
oonsidcred, it was not poaniblo to separate tho lost'on   luo to the 
shock from these ooourring dawnotroaiu in the subsonic diffusion. 
Accordingly tho efficiency is based on the observed static pressure 
ratio:    (exit pressure/ lowest rooorded pressure in the duct) and 
equation (A1), which assumes a compression to zero velocity.      As in 
Oastagna'a tosts tho exit velocity did not exceed 0.311, suoh an 
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•Musptlon is permissible. 

In the sane figure results of similar testa (ref.17) ««de at 
K.P.L. with a two-dimensional diffuser (5° total divergence angle) 
for a supersonic wind tunnel uro shown, the effioienoy being 
baaed on the Kaon Number in front of the diffuser, i.e. in the 
working section.      3omj early results obtained by Stodola and 
Stoichen, presumably with similar diffusers, and quoted by Croaoo 
(ref.4) are also included. 

Castagna's and li.P.L. tests show a fair agreement (fig.6), 
but give efficiencies considerably lower than the theoretical ones 
for a normal shook and lossless subsonic diffusion, curve 1. 

(ii)    Diffusers with oontraotion 

Another act cf results, fig.7» refers to diffusers in which a 
second thront was employed, with shock ooouring olose tn the 
oontraotion on its downstream side, i.e.  at a velocity smaller than 
the maximum one at the diffuser entry.      The maximum theoretical 
effioienoy of such diffusere for tho limiting oontraotion ^n^n has 
been calculated and is shown in fig. % curve k, also table XI, page 14. 
It exceeds only slightly the normal shook efficiency, tho difference 
being avail smaller in ^raotioe. 

In fis.7 are shown tho results obtained by Ackeret and Brown 
Boverl Co., (rof.15) from small aoalo tests prior to the construction 
of the supersonic wind tunnel at Zurich*.      Two sets of points are 
shown, referring to the diffuser only and to the oompressor, the 
latter including losses in the whole system (nozzle, ducting, etc.). 
The N.P.L.  tests of a two-dimensional diffuser for a 1.5 x 1.5 in. 
model supersonio wind tunnel (ref. 17)  show a fair agreement with 
the Swiss results, except at lav; Mach Numbers, where tho offioicnoy 
drops suddenly.      A similar behaviour was also observed at K.P.L. 
for other diffusers, but no adequate explanation has beon given. 
A tendency for the effioienoy curve to attain a maximum at low 
velocities would be expected when losses in tho subsonic diffusion 

aro taken into account (of. fig, 9). In the N.P.L. diffuser'in 
question, tho oontraotion ratio was 0, 906 and the total angle of 
divergence v/hioh followed was 9°. 

A third out of results for continuous contraction diffusers 
represents the operating ohiuraoteristiOB of a Gorman 40 x 40 om> 
supersonic tunnel :it Wasserbau Vorsuohs Anstalt, Koohel (ref. 11).- 
The tunnel i;-, of on open ,jet,  intermittent flow type and a variable 
diffuser throat ia used to adjust tho pressure outside the jet to 
tho value of the jut static pressure r.t the nozzle exit.      Tho 
efficiency :-.hown takes into account, the losses upstruum of the 
diffuser and is slightly lower uu compared with the Swiss  and N.P.L. 
rosults, no doubt oliicfly because of the use of the open jet.      The 
pressure drop across tho silica gol (briers is also included in the 
efficiency,  its effect l>uin,' however negligible, especially at high 
Uaoh Numbers  (i.u.  small flows);    for M > 2.0 the drier pressure 
drop    is srcaller than 13 ran. Kg.      In the subsonic part, the diffuser 
was oonioal of an 8° vortex angle. 

Comparing fig. 6 and 7 it is not possible to establish any 
definite difference between the two typos of diffuser. 

(ill) Bridge typo diffusers 

A third type of suporsonio diffuser for uso in supersonic wind 
tunnels has boon developed in the U.S.A. and in Great Britain during 
*    It appears that the samo tests wore quoted by Croooo, rox'.4. 
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the war (ref. 14 and 17) and la known as the bridge type diffuser. 
It consists of the usual divergent duot with a wedge-shaped bridge 
inserted aoroaa the entry section, with or without contraction 
around the bridge.     Suoh a design is convenient from the point of 
view of the experimental technique, the bridge supporting a pressure 
traverse or nodal, and may also produce a more 3tabla and efficient 
system of shook waves than that obtained with the diffusers hitherto 
described.      The obvious fundamental requirement of the bridge, 
which in practice is only satisfied at higher velocities, is that 
Its leading edge angle should not exceed the maximum value at which 
the shook wave becomes detached. 

In fig.8, curve 2, are shown results obtained at N.P.L.   (ref. 
17) with the contracting diffuser for the- 1.5 x 1*5 in. supersonic 
tunnel already mentioned but vith a C.12 in. thick bridge inserted 
at the beginning of the diffuser contraction.      It appears that at 
high velocities the bridge type gives a somewhat bettor efficiency. 
Other N.P.L. tests (ref.6), obtained presumably with bridge type 
diffusers as finally used in the N.P.L.  11 x 11  in.  tunnel, also show 
a relatively high efficiency (curve 3). 

ilridgc type diffusem were also tasted in the U.S.A.  in 
connection with the design of a 2.50 x 2.^6 in.  model supersonic 
wind tunnel (ref. 14),      Only two test points :o*o available and, as 
shown in fig.8, they are in good agreement with the N.P.L. results. 
The walls of the diffuser were shaped so as to maintain a constant 
area oross-eeotion around the wedge. 

Other N.P.L. tests (ref. 17) indicate that a sudden expansion 
round the bridge causes a fall of efficiency. 

(iv)    Discussion of data on wind tunnel diffusers 

from the results reviewed, it is evident that the efficiency of 
diffusers as usod at prer.ont in supersonic wind tunnels is, in general, 
low.      There are several factors, however, to account for this 
apparent neglect in the tunnel diffuser design. 

In the first instance, tho velocities attained in the majority 
of the existing supersonic tunnels do not exceed M = 5«0 and the 
working sections are relatively small, so that, oven with low diffuser 
offioienoios, the power requirements oan bo easily net.      Further, 
•lace usually one universal diffuser operates over the whole range of 
velocities, it is impracticable to attempt a more efficient design, 
e.g. on tho lines described in the next sootion.      The non-uniformity 
of flow behind the inodol makes such an attompt in any case hardly 
possible.   '  It is therefore understandable that tho use of a 
variable throat or bridge type diffusers should have been dictated 
rather by tho exigencies of the experimental technique than by 
efficiency considerations.      It soems that the present methods of 
diffuser design may have to be revised in case of tunnels of very 
high Mach Numbers and large cross-section. 

4   Mult i-ehook diffuflors 

.A- 

4*1     Introduction to the problem 

In tho previous sootions the impracticability of a diffusion 
from supersonic velocity without loss, by moans of a reversod nessle, 
has been demonstrated.      In practice, when diffusers of this typo 
are usod, tho compression ooours through a normal shock at the froo 
stream, or, when tho limiting contraction  + .    is usod, at a slightly 
lower velocity.      Tho corresponding theoretical offioienoios and 
pressure recoveries are shown in fig, 9 and 10 and tabulated in table II. 
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Table II (V = 1.400) 

Calculated efficiency of cinjlfl-ahocK nupernonic diffusera. 

M 
% of normal shook for 

V sub °1Ual t0: 
% of diffusor «1th 
limiting contraction 
•min »** V8ub 3 1»°, 1.0 0.7 0.5 0 

1.0 
1.2 
1.4 
1.6 
2.0 
2.5 
3.0 
3.5 
4.0 
4.5 
5.0 

1.00 
0.99 
0.96 
0.91 
0.80 
0.68 
p.58 
0.50 
0.43 
0.38 
0.34 

0.70 
0.82 
0.85 
0.84 
O.76 
O.65 
O.56 
0.49 
0.43 
C.38 
0.34 

0.5C 
0.71 
0.78 
0.79 
0.73 
0.61,. 
0.55 
0.4*8 
0.42 
0.37 
0.33 

o.co 
0.44 
0.61 
O.67 
O.67 
0.60 
0.53 
O.46 
0.40 
O.36 
0.32 

1.00 

.    0.96 
0.87 
0.75 
0.64 
0.55 
0.49 
0.43 
0.38 

Vor the normal shook, .ourves for various subaonio offioienoies 
•nailer than 1.0 are also drawn.      In particular, the following 
expressions are derived for normal shook with subsonio efficiencies 
of unity and zero: 

for iv sub 1.0, 

% ,L+-l(       r-tl )*,   . 2    . 
^    r-1 [an2- (Y-D)     (Y-I)«* 

•-   (5) 

•^ fcr V flub = ° 

^{{•d^J.*.,}*^       M 

The experimental results reviewed have dhown that the 
Calculated theoretical offioienoies oan be attained only when the 
shook is not affected by the presence of the boundary layer. 

•- 
In fig.9 and 10 two other curves are drawn for oblique and 

conical snooks, with isentropio subsonio compression.  Curve 2 
applies to both the oblique and oonioal shocks when velocity behind 
the shook is sonlo.  Curve 3 shows n. slightly higher offioionoy, 
the sonio velocity being reached at the cone surface.  In both 
oases the efficionoies and pressure recoveries are substantially the 
"sane as for the rovursod nozzle with the limiting contraction •min 
(ourve 4). 

On the whole, fig.9 and 10 show that at velocities oxooeding 
say M » 2.5 the single-shook diffusors have a 3mall compression 
efficiency, which tends to zero for infinite Mach Numbers, so that 
other moans oust be sought to achieve ah efficient diffusion at very 
high spoods. 

Apart from the reversed nozzle flow, an isentropio compression 
from tho supersonic velocity oan be theoretically achieved through a 
deflection of tho flow by moans of a suitably curved surface.  In 
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two-disensional flow the oorroot surface profile is determined by a 
streamline of the wall known Prandtl-iteyer solution, whereas in the 
axially symmetrical flow the shape of the body of revolution is 
obtained by a modified method of characteristics.      We shall limit 
ourselves to examples of the two-dimensional solutions but the 
oenolusions drawn will also apply to the axially symmetrical flow, 
provided the profiles of the deflecting surfaces are suitably 
modified. 

Experimental data on compression of the above type is, at 
present, very limited.      Ackeret (ref.1) presented a   Sohlieron 
photograph of two-dimensional, supersonic flow, compressed by 
deflection, but it appears that tho only tests of complete diffusors 
wore made in Germany towards tho end of the war, chiefly by 
Oswatitach, who used axially-symnatrioal models.      Those experiments, 
to which reference will bo made later in greater detail, have shown 
that in practice a lossless compression of the abovo typo oannot bo 
obtained because of tho boundary layer influence.      The boundary 
layer tonds to form "dead water" rogiona and tho compression always 
occurs through a number of finite  (oblique or oonio'J.) shocks, tho 
overall efficiency being nevertheless   much higher than that of a 
normal shock.      This effoot is similar to the softening of normal 
shocks already described;    in fact tho latter phenomenon indicates 
the way in which an efficient compression oan be realizud. 

Thus in practice, instead of an isontropio compression, ono is 
confronted with a multi-shook compression.      The thoorotical aspects 
of tho design of multi-shook diffusors and the experimental results 
available will be now considered.      It is convenient to discuss tho 
farmer under twe separato headings, covering tho geometry of design 
and the efficiency of compression. 

4*2     Geometry of design 

Although tho oomprcssion ooours through a number of finite 
shocks, it is convenient to discuss the basic principles of the 
geometrical lay-out of multi-shook diffusors by inspection of tho 
isentropio flow patterns;    the conclusions reached are quite goneral. 

In fig. 11 several ways, in which a compression from 14 = 1.918 
down to sonic velocity oan bo achieved, are illustratod, the Mach 
linos boing drawn for 4° intervals of flow dofleotion.      Although 
such diffuser arrangements as shown in fig. 11 could be used, usually 
& symmetrical design will bo preferred, a central body thus being 
formed (similar to fig.5). 

A supersonic flow along any concave or oonwc surface is 
represented by drawing a.      When a oorreot oonoavo shape is not 
used, the iCaoh waves overlap one another and a curved shook front 
develops at aonu distance from tho surface.      To avoid this, a 
foousscd wave can bo used, as shown in b.      This is, for the twe- 
dimansional case, tho revorsod Brandtl-Meyor      expansion round the 
corner.      The profile of the curved surface corresponds to a stroam-r 
lino and the sharp corner forms the outer diffuser rim. 

Starting with the flow pattern b, several arrangements oan be 
developed (a to f),      Diffusors d and f are analogous to c and e, in 
which however a focussod wave system is used.       The advantage of a 
focussod systom is oloarly demonstrated!    tho "supersonic length" I 
and tho dimension R, which determines the minimum diffuser width   or 
diameter, arc both considerably smaller than for non-fooussed naves. 

Whon the flew is deflected in one direction enly (through a 
focussod wave), as in o, the dimansien R has tho smallest possible 
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Talus and la equal to the free-streajn width or radius; in all other 
oases E exoeeda this minimum value. 

The orltorion for the design of the outer diffuser rim is 
easily defined (of. ref.2).  Per both two-dimensional and axially 
•ymmatrioal diffusers tho flow post the rim oan be regarded as two- 
dimensional.  In order to prevent the tlfm on the inside of tho rim 
fin» being disturbed, tho angle 6, which tho outside tangont at the 
rim edge makes with the local dlrootion of flow mist be smaller than 
the oritioal value, at whioh the shook becomes detached.  Those 
oritioal values of ö arc shown in torns of tho Mach Number in fig. 
13 (for f = 1.4).  Tho oritioal angle 6 increases with velocity and 
will bo thoroforc theoretically determined for tho lowest velocity at 
which the diffusor is required to operate. 

Tho above orltorion has bocn verified uxpurimontally for simple 
pitot ontrius (roi".l6).  It was found that tho outsido rim angla o 
had no influence on flow insido tho diffusor, provided it did not 
axooed the oritioal value. 

In oourso of tho compression of the typo considered tho flow 
Is doflected beforo reaching the sonic velocity.  lor a two- 
dimensional, iscntropio oase, tho angle of deflection v  is given in 
fig.13 (for Y = 1.4).  With oblique shocks, tho flew deflection is, 
for a single shock, only a little smaller than the oritioal wodgo 
angle Ö  and, as the numbor of shocks increases, it approaches tho 
iaontropio anglo v. 

Tho doflootion of flow gives the correct thoorotioal inclination 
of the inside rim surface.  This condition, however, can bo only 
satisfied if the oritioal angle ö is greater than tho deflection 
angle v.     from fig. 13 it is evident that in the oase of a single 
fooussod wave (o), v > ö  and tho flow must be abruptly doflooted 
Inside tho rim, if the aorreot value of ö is used.  Alternatively, 
with a oorrcot value of v  (of. fig.12, top), tho shook booomos 
detached from tho rim. 

V 

In order to roduoo the overall flow deflection, designs of the 
typo c and f can be used.      Here the waves are split in groups whioh 
dofloot tho flow in opposite directions, thus reducing (in the 
examples shown - down to zero) the total deflection.      Again, a better 
and more compact dosign in obtained -.rith the fooussod waves  (typo o). 
It sooms that for very high vclooity diffusers of this type aro 
suitable. 

Flow patterns analogous to o and o aro shown, for oblique ahocks, 
in fig, 12.      In both oases two oblique shocks arc followed by a 
normal one.      The advantage of a reversed doflootion is well 
demonstrated. 

The absolute minimum sizo of the diffuser ontry is that of tho 
free-stream cross-suction corresponding to the diffusor flow.      with 
fooussod waves this minimum sizo has to bo only slightly oxooodod, 
as shown by oasos o and e.      The diffusion will usually bu required to 
proceed to quite a low subsonic velocity and the question of the ' 
nooossary 3r<»is-scotiotul urea arises.      Irom fig.3 it is soon that 
for iaontropio flew tho entry (free-stream) cross-section is quite • 
adequate to achieve a diffusion to low Mach Number, provided the free 
stream Much number is sufficiently high;    the same; holds whon losses 
ooour.      It ttaiu sooms that only for diffusers operating at low 
ontry Mach Numbers it may bo nooossary to exoood, in tho subsonic 
region, the entry oross-eootional -area. 
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k*3     gffiolenoy of oomaroaslon • 

The geometrical principles whioh should ba observed in multi- 
shook diffuser design «ere considered shove and It remains no« to 
analyse the therrodynaialc efficiency of this type of diffuser. 

In the simplest case,' the compression Would ooour through one, 
oblique or oonical, shock with an efficiency, as already pointed 
out, only slightly higher than that of a normal shook (of, fig*9 and 
10). 

When the number of shocks is greater than one, it is possible 
to find, for a givon set of oonditions,  an optimum arrangement of 
shocks for ir.ax.ir.uuu overall efficiency.      Such analysis «ill not 
be undertaken hero, but the offioioncy of multi-*hock diffusors «ill 
be investigated for certain simple design criteria.      The results, 
f ig. 11* to 18,  are given in terms of tho free stroair. Kach Number It 
and tho ratio pg- of the isontropio stagnation pressures after and 
before the diffusion (ci".  (A2)).      An iscntropic subsonic; compression 
is assumed.      By means of fig.21 or 22 the corresponding efficiencies 
TV o«1 I** determined.      The results givon in fig, 14 to 18 were 
obtained by graphical methods and must be regarded as approximate 
only. 

Two different design critoria mere used:    either the entropy 
rise &04 across each oblique shock or else the angle of flow 
deflection 6' through each shookT*oro kept constant, for eaoh sot 
of shocks considered.      In each oaao three sets of curves, for 
various velocities after the oblique shocks (it a 1.0, 1.6 and 2.0),' 
«ere obtained.      In each figure line3 of constant number   n   if 
obliq.ua shocks are dravm, together with the lines of constant 
entropy increase Ac* = -log© p«-1 or constant angle of doflootion ö1, 
across eaoh shook, as the case may be.      If the velocity after tho 
series of oblique shock» in supersonic, a normal shock is assumed tö 
ooour (i.o.  at a. = 1.6 and 2.0).    < Provided the normal shook occurs 
at a sufficiently low velocity, it doo3 not affect adversely tho 
overall efficiency.      On tho other hand, the presence of tho normal   - 
shook may be beneficial in practice in that it provides a certain 
amount of flexibility in tho difiuser operation:    the final pressure 
depends on the position of the normal shod: in the divergent subsonic 
part of the diffuser (of. fig. 12). 

It will bo noticed from fig. 14 to 17 that, since tho families 
of curves are dravm for constant velocities bcx'ore the normal shock, 
the linos of eaoh family start from a point corresponding to this 
velocity on tho p^- - M curve for the normal shook. 

Whichever criterion is usod, for a given volooity M, tho 
offioioncy of coirprus3ion increases vdth the number of shocks.      By 
superimposing tho ourvos for tho same number of shocks but for 
different velocities before tho normal shock, envelope curves of an. 
optimum pressure reoovery, for a given number   n   of obliquo shocks 
followed by a normal one, sire obtained;    they are shown in fig,18 
for shocks of constant entropy increase Ao1  and constant doflootion 
angled'.      It appears that in the former case the maximum pressure 
reoovery, for a given n, is greater, the differences being however 
small. 

Aram fig. 18 it is evident that by suitably increasing the 
number of oblique shocks with the free-stream velocity, very high 
isentropic efficienoies can be obtained, o, g,  for M = 30 and two 
obliquo shocks, iTg. a  0.88m whereas for M = 4.0 and 3 oblique shocks, 
Ty,. * 0,84.      Further, for an optimum efficiency, the vclooity at 
which the normal shook should occur inoroasos for a given n, with tho 
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mm 

freeHstroaci Mach Number. 

The theoretical efficiencies appear to be of the same-order 
for the axielly-eyinnetrical diffusers.     The oaloulations oarried 
out In connection with tests of diffusenj of this type (ref.10) 
give , for 5 ccnical -hooks of oonstant entropy rise and one 
normal shook at II = 1.3» a theoretical pressure recovery pj- « 0.80 
er TU» 0.90 at M = Z.9 (aeo fig.19, i»), which la only slightly 
•nailer than the corresponding valve for the two-dimensional case 
(of. fig.15). 

Krom the above considerations it is apparent that theoretically 
any required compression offioienoy oan bo obtained provided the 
number of shocks is sufficiently large;    in fact, in the limit, for 
n M oo and sonic velocity after the last shook, the compression 
beoomos isentropio.      As already observed, in practise the 
compression tends to oocur tlsrough a finite number of shocks, but 
the effects of tho boundary layer arc at present too little known to 
allow of the determination, for any given set of conditions, of the 
maximum number of shocks actually possible and the corresponding 
marlimrn offioienoy attainable. 

4,4     Experimental results 

The practicability of nulti^-ehook diffusere has been demonstrated 
by a series of tests oarried out in Germany   by cswatitsoh (ref.10) 
and others.     The available information on these testa is at present 
incomplete and only some of tho results oan be reviewed. 

is stated by Oswatitsoh, the performance of tho two-dimensional, 
multi-shock diffusers, with which a few tests wore made, was found 
unsatisfactory.      The main sot of tosts was done at Gottingon using 
axiaHy-syimjetrioal models designed for a continuous compression, or 
two or throe inclined shocks* followed by a normal shook.     Various 
shook wave patterns and outer rim designs «rare tested.      As already 
aantionod, it was not found possible to achieve a continuous 
compression, but tests'of multi-shook diffusers have shown a.good 
agreement with the theory. -, 

In ref. 10 tests of axially-symmetrioal diffusers designed for J 
inclined and one normal shook ore described.     According to a 
statement made by Oswatitsoh when interviewed, but not inoluded in 
this report (ref.10), tho entropy rise aorosa the inclined shocks 
was kept constant anil the normal shook was to oocur, at the point of 
the highest efficiency, at M - 1.5. 

The abovu report does not give in detail tho shape and 
dimonsiAre: of tho testod diffusors or tho corresponding calculations, 
but contains only their general description and main experimental 
results.      Of the throe diffusers testod one was designed to give a ' 
maximum compression efficiency and another to give   an optimum «vorall 
performance;    the tests of these diffusers will here bo briefly 
summarized. 

In fig.19 and 20, reproduced from ref.10, tho two diffusors. 
Wo.Ill and VI, togother with their pressure recovery characteristics 
are shown.     Diffuser Uo.ni was designed to give a maximum compression 
efficiency and a maximum mass flow.     A shook wavo formation, focussod 
somewhat in front of the outer rin, was used (analogous to case o, 
fig.11) and tho smallest oross-sootion was located at entry. 

*   In the oaso of oxially-eymnotrioal diffusors only tho first shook, 
originating from the tip of the diffuser, ocours in a uniform velocity 
field and is truly oonioal;   oubsoquent inclined shocks form curved 
surfaces. 
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In order to reduce the inevitably high drag of the above 
dssign, diffuser No. VI «as oonstruoted ao that the flow was 
deflected through the third shook in a direction opposite to that 
Of the first two deflections (analogous to oase e, fig, 11); the 

st crosa-eection occurred inside the diffuper. 

At zero incidence and at the correct design Mach No. M a 2.9, 
the measured pressure recovery pj- attains, for various positions of 
the normal shook, practically the corresponding theoretical values 
shown in fig. 19 and 20; the sane agreement was found for the mass- 
flew, which was smaller by only a few per cent than the theoretical 
•slue (see table III) and remained constant for all positions of the 
normal shook beyond the critical one.  The position of the normal 
shook was adjusted by altering the exit area of the diffuser IV). 
It was found that as fU was reduced an unstable critical condition, 
similar to that mentioned in the oase of an annular pitot entry, 
developed.  Instability cosrenood at larger exit areas, and 
consequently with a lower maximum pressure recovery, than is 
theoretically possible.  The flow beoame unstable when the ratio 

diffusur exit area 
annular entry area 

- ä 
was smaller than about 1.1, whereas theoretically it should have 
been equal to about 1.0. For area ratios smaller than 1.1 the mass 
flow and the pressure recovery both decreased abruptly*  It is 
probable that at higher Reynolds Numbers the unstable condition 
would occur nearer to the theoretioal critical point. 

Other characteristics of the two diffusers are compared in 
table III.  Diffuser No.VI allows a reduction in the drag coefficient 
of 39/J for a loss in offioioney of 3% only. 

The effect of on incidence of 5° approx. was investigated at 
the design, velocity and was found to be negligible, on the offioienoy 
(of. fig. 19, 20) and mass flow.  The drag and lift wero investigated 
nver a range from 0° to 8°, at the correct Mach Number of 2.9; the 
corresponding results are given in table III. 

Table III 

Ohsraoteristios of Oswatitsoh diffusars. 

\*i 

Maximum pressure 
reoovery pj 

! theoretical 
actual 

«Maximum isentropio (theoretioal 
offioienoy T^ (actual 

Mass flow, JC of theoretioal 

Measured drag coefficient Op 

Measured drag coefficient Or, 
at a a 80 " 

Lift-inoidenoe ourve slope 
dOj/äu (a in degrees) 

Diffuser No.Ill 
(fig. 19) 
* 0.80 

0.705 

* 0.90 
0.85 

97.3 

0.56* 

O.67 

0.055 

Diffuser No. VI 
(fig. 20) 
«0.80 

O.65 

» 0.90 
0.82 

93 

0.3k 

O.56 

0.06 

\ 

\ 
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Ja stated by Oswatitaoh, the pressure recovery and mass flow 
teats «are amde using models of 65 ran. outside diameter.      For the 
•xperlments involving drag and lift neasurements smaller models 
«•re used, whioh «ere found to be considerably less efficient, this 
being attributed to the lower Reynolds Number. 

In general, the above experiments show that by using a 
geometrically suitable shook pattern a considerable reduotion in 
the diffuser drag oan be achieved with no appreciable effect on the 
efficiency. 

5   Supersonic diffusera at a Mach Number other than the design one 

So far our considerations were confined practically only ' 
to supersonic diffusars which operated at the correct design Maoh 
Number.      In actual applications they will usually be required to 
operate over a range of supersonic velocities and, in sow oases, 
oven over the transonic region.      The problem of a satisfactory 
design whioh would comply with suoh requirements is extremely 
difficult and, even if the transonic range wore omitted, ounnot bo 
easily aolved in the supersonic region alone. 

It is only in the case of a normal shook formed at a siaplo 
pitot-ontry (of. fig. 4) that tho shook formation does not change with 
the Mach Number, although of course tho compression effioionoy 
decreases rapidly.      In all other oases, provided the flow through 
the diffuser is not restricted, the shock wave pattern in a diffuser 
of a given design is s ololy a function of the free-stream Maoh 
Number.      Thus in a multi-shook diffuser of type o, fig, 11, the 
shocks would be steeper at a velocity lower than the correct design 
Mach Numbor and they would enter the outer rim at higher velocities, 
than the correot.      At lower velocities there would be a tendency 
towards the formation of normal shocks and the flow through the 
diffuser would diminish;    in any case the compression effioionoy 
would doorcase.      Tho obvious remedy would be to arrange for the 
diffuser shape to be altered according to tho Mach Number;    suoh a 
proposition results however in serious nuohanioal complications. 

One ef the abovo-mentioned German axially-sypinetrical diffusera 
was tested by the W.V.A., Koohel, at velocities below and above 
(up to M = 4.38) the design Maoh Number of 2.9, (rof.12).      Those 
tests have shown a rapid fall in effioionoy at Mach Numbers smaller 
than the design Maoh Number;    the effect was less pronounced at 
higher Mach Numbers.      This would be expected if shocks fooussed, 
at the design Mach Number, in front of the diffuser rim wore used; 
at higher tech Numbers they would still be efficient, thoir inter- 
section approaching the diffuser rim. 
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iesssäte. 
Effioionoy of adlabatio oorpreasion. 

r 

A number of quantities are used tt> indicate the efficionoy of 
adlabatio oonprussion;    suol. quantities' will bu defined hare and the 
relationships between thora established.      Tho latter are usoful in 
roduoing tho ojoperinontal data to a'oonuon basis. 

As usual, .1 oonprouu ion to zero velocity will bo asaunod and tho 
gas assumed to bu perfect und to have constant specific ho ate. 
Denoting by 1 and 2 the states of tho gas at thu diffuser entry and 
after tho ooraproEsion to zero vulooity respectively, and putting 

X   *   ratio of specific jwats ,<*o»/oy, 

P   s    statio pressure, 

Pg- m   pressure attained by isontropio compression to «are 
velocity from any initial velooity so that, at a given 

-   - •    - , v 

l+ltffr 
Kaon Number M, 

P^/P   .    (1 + 

P    m   p^g , 

tho following ratios are defined: 

(l)      Isontropio offioienoy of compression 

Werk of isontropio oonproasOon 
oyolu from the entry prossuro p< 
to tho actual final pressure' Pg' 

•"       Kinetic energy available at the 
' -   • •  "   diffuser entry 

„ £..,;.., ,"1 
U1) 

(ii) Ratio of pressures attained by a oonproasion t# aero volooity 
in an actual and in an isontropio diffuser. 

P« P^ (A2) 

(ill) DiffloiMi^nlo«» ontropy increase in adlabatio ooanresaion to nero. 
velooity '•    ' 

tor - ^«b Pn (A3) 

where   4B   a   Jds/R with   s   a   entropy, 
B   a   oharaotoristio gas oenetant, 
J    =   mechanical oquivalont of heat, 

(iv)   Isontropio .power factor (assuming an isentropio ooapression in 
the compressor followed by oooling at constant pressure)   ,.    • 

- W- 
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Work of isontropio compression 
oyolo through pressure ratio ny 

. Kinetic energy available at tho 
diffuser ontry 

(T)     Polytropio compression offioioncy 

TL.     =     - ' ' '/* *I \    •    OOTBt, 

3&> 

Uk) 

Uö) 

«hero   p   a   moss density 
and      w   3   volooity of fie«/. 

Only tho first of tho above quantities represents in the true 
aonso the effioionoy of adiabatio compression.      Tho other quantities 
are useful in experimental \rork and for design purposes. 

Tho results of diffuser toa'ta are usually obtained in turns of 
tho pressure ratio pp-, vhioh is oorrclated to the isontropio compression 
effioionoy % by the following equations 

Y-1 

Pv i^Vv-l/l^V.ij W) 

This is represented, for Y a 1.400, in fig.24  and»22, in tho r^ - M^ 
and p7 - M^ co-ordinates. '       »   • 

Tho Pa- - p relationship is given by the expression for 
isontropio flow already montioned: 

PPo-   •   (iflVH)"* (A7) 

In sons oases tho diffuser tust results (rof.4) are given in 
term» of the pdjftropio off ioioncy -r^, as dofined by (A5).  This 
definition implies that at every stage of tho compression a certain 
constant fraction TV of tho kinetic energy is used for tho pro3suro 
build up.  Theoretically, there is no reason to base the definition 
Of the adiabatio compression efficiency on this assumption;  in some 
instances, however, it may prove useful in that it allows the determina- 
tion of the intermediate states of tho gas botwoon tho £iffuscr entry 
and the end of the compression. 

Using the adiabatio flow enBrgy equation and equation of state 
it oan bo shown that tho assumption (j\5) gives u polytropio compression 
P/pn = const, with 

%ien n_ • 1.0, n a Y and tho compression is isontropio* 

fTom (AJ>) tho following funotions of TL ore obtained« 

(Aß) 

\ 
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In 

T^i-O 

U9) 

(A10) 

In 
Oosfcining (A10) with (A6), the t^ - tin relationship ie obtained 

of U, 

(^v-r Y - 1 » 2 v% + 1 (A11) 

and la drawn, farT" 1.400, in fig. 23* 
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FIG. I      TWO-THROAT  FLOW 
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FIG.2 
TWO   DIMENSIONAL, ISENTROPIC SUPERSONIC 

DIFFUSER     (REVERSED NOZZLE) 
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FIG. 4,5 

FIG. 4      SIMPLE PITOT TYPE  DIFFUSER 

FIG. 5   ANNULAR   ENTRY   PITOT  TYPE   DIFFUSER 
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FIG. 7. 
GAS 55*5. 
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EFFICIENCY   OF   SINGLE-SHOCK   SUPERSONIC   DIFFUSERS    (8-1-4) 
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FIG. 17. 
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